Figure 1. Zif268 Inactivation in Mutant Mice Impairs Reconsolidation of Recognition Memory (A) Schematic representation of the object recognition task and time structure of the protocols used in (B)-(E).
Zif268 mutant mice and wild-type (wt) littermates were exposed to two objects for eight briefly spaced sessions, and retention was tested in different conditions of reactivation or no reactivation. (B-E) Retention performance in the different protocols is expressed as the percent time spent exploring the novel object over the total time of object exploration. (B) Zif268 inactivation does not impair long-term recognition memory in this overtraining paradigm (wildtype, n ϭ 6; zif268 mutant, n ϭ 8). (C) A brief reexposure to the familiar objects 24 hr after training does not affect postreactivation short-term memory (wild-type, n ϭ 7; zif268 mutant, n ϭ 12) but (D) impairs postreactivation long-term memory in zif268 mutant mice (wild-type, n ϭ 15; zif268 mutant, n ϭ 14). (E) Recognition memory was not affected in zif268 mutant mice by a pseudoreactivation consisting of presenting two entirely new objects on day 2 (wild-type, n ϭ 12; zif268 mutant, n ϭ 17). *p Ͻ 0.05 (Student's t test). encountered objects (Ennanceur and Delacour, 1988; amount of time exploring each. ANOVA showed that there was no significant difference between groups Clark et al., 2000). In humans, monkeys, and rodents, recognition memory is affected by damage to structures (F Ͻ 1). With this protocol, we were able to assess the effect of the medial temporal lobe, including the hippocampus and adjacent entorhinal and parahippocampal cortices of retrieval interposed between training and retention. In the first experiment ( Figure 1A and wild-type littermates were allowed to explore two objects on day 1 as before and were then briefly reResults and Discussion exposed to the same two objects for a single 5 min reactivation session on day 2. During this phase, the From our previous studies, we know that zif268 is essentwo groups showed equal exploration of the two familtial for normal long-term recognition memory perforiar objects, with no difference between groups (all p mance in the object recognition task (Jones et al., 2001 ). values Ͼ 0.05, data not shown). Postreactivation longThis itself presents as a difficulty, as determining the term memory (PR-LTM, Nader et al., 2000) was then role of zif268 in reconsolidation after retrieval necessitested 24 hr later (day 3) in a single 5 min session in tates that mice initially memorize the elements of the which a novel object replaced one of the familiar objects task as well as their wild-type littermates. However, we ( Figure 1A ). Wild-type mice (n ϭ 15) explored the novel do know that the deficit in long-term spatial memory in object significantly more than the familiar object (Figure at least one task, spatial learning in the water maze, 1D; p Ͻ 0.001), demonstrating a similar recognition percan be overcome by extended and distributed training formance to that when no reactivation was interposed. (Jones et al., 2001 ). Thus, we first examined whether In contrast, zif268 mutant mice (n ϭ 14) showed equal zif268 mutant mice could form a long-term memory for exploration of the two objects ( Figure 1D) , with a level of objects if given additional exposures to the objects in exploration of the novel object not significantly different a distributed training paradigm. To test this, mice were from chance (p Ͼ 0.05). ANOVA confirmed a significant placed in a small arena containing two objects (Figure difference between groups (F 1,27 ϭ 7.14; p Ͻ 0.05) and 1A) that they could explore freely for four blocks of two between the performance of zif268 mutant mice with 5 min periods (5 min ITI) instead of two, with a time and without the reactivation session (F 1,20 ϭ 10.13; p Ͻ interval between blocks extended to 90 min. Then, after 0.01). Importantly, when postreactivation short-term a delay of 48 hr, a novel object replaced one, and the memory (PR-STM) was tested 10 min after the reactivapercentage of time spent exploring the novel compared tion session, both wild-type (n ϭ 7) and zif268 mutant to the familiar object was used as a measure of memory. mice (n ϭ 12) showed preferential exploration of the Both zif268 mutant mice (n ϭ 8) and wild-type littermates novel object (p Ͻ 0.05 in each case) that was significantly (n ϭ 6) showed preferential exploration of the novel greater than chance level ( Figure 1C ), with no difference object ( Figure 1B , p Ͻ 0.05 in each case), thus demonbetween groups (F 1,17 ϭ 2.86; p Ͼ 0.05). These results strating that they remembered the two objects they had showing impaired PR-LTM but intact PR-STM rule out previously experienced. If the memory of the familiar objects had faded, they would have spent an equal the possibility that the deficit 24 hr after reactivation is due to nonspecific effects, such as impaired motor activity or the spontaneous tendency of mice to explore novelty. Thus, zif268 mutant mice are able to form a long-term recognition memory in conditions of extended exposure to the objects, and zif268 inactivation does not affect retrieval. A consolidated and stable recognition memory, however, can again become labile after brief reactivation, and zif268 mutant mice cannot in this case reconsolidate the memory for objects. To determine whether the impairment in recognition memory after retrieval is specific to reactivation of the target memory, two entirely novel objects were presented on day 2 (pseudoreactivation, Figure 1A ) instead of the two objects experienced on day 1, and a retention test was conducted on day 3, as before, by presenting one object from day 1 and a novel object. On day 3 ( Figure 1E ), both wild-type (n ϭ 12) and zif268 mutant mice (n ϭ 17) showed preferential exploration of the novel object (p Ͻ 0.05 in each case) that was significantly greater than chance, with no difference between groups (F Ͻ 1). Compared with the memory deficit observed in In all, these experiments define some of the elements ing has taken place is an important attribute of the that seem to be necessary for zif268-dependent reconmemorized episode and can potentially activate target solidation of recognition memory. Clearly, contextual memory traces. Two other series of experiments were information alone is not sufficient, and the target items conducted to explore the relative contribution of the (the previously experienced objects) are required. Howtarget objects and of the context to the reactivation ever, the impairment after retrieval is only observed process (Figure 2) . First, to test whether a zif268-depenwhen the target objects are presented in the relevant dent reconsolidation process occurs in object recognicontext. This may suggest that the whole memory repretion memory if contextual information is provided alone, sentation includes contextual attributes of the learning we used the same protocol as before, with the exception episode and that the full reactivation of the consolidated that reactivation consisted of exposing the mice to the memory in this task requires a match between the target training context alone, without the objects (Figure 2A) . items and the context within which they occurred. A Twenty-four hours after contextual reactivation, both similar effect has been observed using electroconvulwild-type (n ϭ 10) and zif268 mutant mice (n ϭ 6) showed sive shock after reactivation of fear memory (DeVietti preferential exploration of the novel object ( Figure 2B) and Holliday, 1972). Alternatively, it remains entirely posthat was significantly greater than chance level (p Ͻ sible that during the reactivation test in a different con-0.05); and there was no group difference (F Ͻ 1). The text a distinct new memory trace was formed which absence of effect with the context alone suggests that did not imply reactivation and restorage of the former the context is not an effective cue for reactivating the memory (see Nader, 2003) . Whether the objects alone target memory in this paradigm. This may be due to the could be sufficient to reactivate the memory fully cannot relatively low salience of contextual cues in a task that be firmly established at this point, as it is impracticable does not make use of explicit reinforcement. Moreover, to expose the animals to the objects without contextual the mice are well familiarized with the context, and it is information being either relevant or irrelevant. thus likely that its value as a cue associated with the To examine temporal constraints on the requirement set of objects is devaluated; its potential for promoting for zif268 in reconsolidation, we tested recognition retrieval of the target memory being lost. In the second memory 5 days after learning and increased either the experiment, we presented the two previously experitime between training and reactivation or between reacenced objects during reactivation on day 2 but in an tivation and test ( Figure 3A ). In the first experiment, mice entirely different context (changing the size and shape were trained as before, and memory was tested 5 days of the test arena and the experimental testing room).
later. Both wild-type (n ϭ 6) and mutant mice (n ϭ 6) When the retention test was conducted on day 3 back showed significantly greater exploration of the novel in the original training context, neither the wild-type (n ϭ 12) nor the zif268 mutant mice (n ϭ 14) were impaired object on day 5 ( Figure 3B ; p Ͻ 0.05 in each case), with 
in (B)-(D). (B)
Retention performance on day 5 shows that both wild-type (wt, n ϭ 6) and zif268 mutant mice (n ϭ 6) can form a long-term recognition memory in the overtraining paradigm. (C) Reactivation of the memory by brief reexposure to the objects on day 4, 1 day before test (wild-type, n ϭ 11; zif268 mutant, n ϭ 12), or (D) 24 hr after training, 4 days before test (wild-type, n ϭ 8; zif268 mutant, n ϭ 8), similarly impairs postreactivation long-term recognition memory in zif268 mutant mice. *p Ͻ 0.05 (Student's t test).
no difference between groups (F 1,10 ϭ 1.1; p Ͼ 0.05), consolidation may with time render reconsolidation of recalled memories unnecessary. Task specificity, strength thus reinforcing the fact that zif268 mutant mice can form a stable, well-consolidated memory for objects in of initial learning, and the number of times a memory is reactivated explicitly (cued recall) or implicitly (rehearsal) our overtraining paradigm. In contrast, when memory was recalled by a brief exposure to the objects on day and reconsolidated may be important variables to explore to provide further understanding of the processes 4, performance of the zif268 mutant mice 24 hr later (n ϭ 12; p Ͼ 0.05) but not of the wild-type mice (n ϭ 11; p Ͻ and mechanisms of reconsolidation. Concerns have been raised in a few instances of re-0.05) fell to chance-the mutant mice spending an equal time exploring the two objects ( Figure 3C ). Betweenconsolidation studies that a recovery of memory may occur when an "amnestic" treatment is given after regroups comparisons revealed that performance of the wild-type mice with and without reactivation did not trieval. For example, using a protein synthesis inhibitor in an aversive avoidance task, Judge and Quartermain differ (F Ͻ 1), while there was a significant difference in the performance of zif268 mutant mice (F 1,16 ϭ 6.50; (1982) observed that the amnesia produced by anisomycin after retrieval but not after initial learning had p Ͻ 0.05). Although only a limited time scale could be explored in this paradigm, the results indicate that there dissipated in 3-4 days, suggesting that consolidation and reconsolidation may not be qualitatively similar (see is not a rapid temporal gradient of susceptibility to zif268 inactivation of a reactivated recognition memory, sugalso Mactutus et al., 1979, using hypothermia). Thus, we also tested recognition memory performance on day gesting that both recent and relatively remote recognition memories undergo zif268-dependent reconsolida-5 when memory was reactivated 1 day after training ( Figure 3A) . The results showed that zif268 mutant mice tion when recalled. Other studies have explored the vulnerability of more remote memories, using protein had no recognition memory on day 5, 4 days after the recall test ( Figure 3D Ͻ 1) , that of the mutant mice memories for emotionally neutral stimuli such as that for objects is less resistant to forgetting than aversive, was significantly different in the two conditions (F 1,12 ϭ 5.16; p Ͻ 0.05). These results indicate that the disruptive emotionally arousing memories (Cahill and McGaugh, 1998), and therefore the delay we used between learning effect of zif268 inactivation on reconsolidation is enduring for at least several days, and it seems unlikely that and reactivation was shorter than examined in these studies, both results suggest that memory may not bein this case there would be spontaneous recovery of the memory. come immune to reconsolidation rapidly. However, Milekic and Alberini (2002) found that the requirement for Overall, the present findings are consistent with the view that reactivation of a consolidated memory for obprotein synthesis of a reactivated memory in an inhibitory avoidance task fades progressively within a 2 week jects presumably returns it into an active state that needs reconsolidation for further storage, and they reperiod, when the recency of the memory decreases. Thus, it remains a possibility that a slower process of veal that the IEG zif268 is required for reconsolidation of recognition memory after retrieval. testable hypothesis is that Krox20 may be instrumental not short-term recognition memory after retrieval supin compensating for the lack of zif268 during learning port the notion that, after retrieval, activation of zif268 in conditions of overtraining, leading to the same Egris critical for the trace to return to long-term memory dependent genomic response of the activated neurons, and be available for later recall. but this mechanism would not be able to come into play The requirement for zif268 in the consolidation of recin reconsolidation because a brief reexposure to the ognition memory is supported by our previous findings objects would not be sufficient to engage Krox20. in the same behavioral paradigm (Jones et al., 2001) .
The consolidation of recognition memory has been From this we can infer that the zif268 gene is necessary in part similar transcriptional mechanisms in both conOur interpretation is that the molecular mechanisms that solidation and reconsolidation of recognition memory. allow information to enter an accessible long-term memAs MAPK and CREB are components of an upstream ory store or to reenter into a similar state after recall cascade controlling plasticity-dependent transcriprecruit zif268 function in the normal conditions of learntional regulation of zif268 (Davis et al., 2000) , the availing and recall. With extended training in the overtraining able information to date suggests that a similar signaling paradigm, the behavioral manipulation would allow a cascade is implicated in both processes. Given that compensatory mechanism to be recruited during learnzif268 is likely to control the expression of a host of lateing, but the routinely used zif268-dependent mechanism response, effector genes regulated via the Egr-response would be initiated by the brief reactivation and fail in element, it is conceivable that for a large part similar the zif268 mutant mice. In this view, a signaling cascade transcriptional mechanisms mediate both consolidation leading to activation of zif268 and presumably to other and reconsolidation of recognition memory and that IEGs would be initiated and required for both consolidathese mechanisms are necessary, whether after learning tion and reconsolidation, and a compensatory mechaor recall, for storage and later availability of long-term nism would be set into motion in the specific behavioral recognition memory. conditions of overtraining used here but not after retrieval because of the brief reexposure, simply as we 
